Abstract The northern Lau Basin hosts a complicated pattern of volcanism, including Tofua Arc volcanoes, several back-arc spreading centers, and individual ''rear-arc'' volcanoes not associated with these structures. Elevated 3 He/ 4 He ratios in lavas of the NW Lau Spreading Center suggest the influence of a mantle plume, possibly from Samoa. We show that lavas from mid-ocean ridges, volcanic arcs, and hotspots occupy distinct, nonoverlapping fields in a 3 He/ 4
Introduction
The northern Lau Basin has several active back-arc spreading centers driven by the rapid subduction of the Pacific Plate along the Tofua Arc [Hawkins, 1995; Bevis et al, 1995; Pelletier et al., 1998 Pelletier et al., , 2001 Zellmer and Taylor, 2001 ]. In the northeastern part of the basin, the Fonualei Rift and Spreading Center (FRSC), the Mangatolu Triple Junction (MTJ), and NE Lau Spreading Center (NELSC) form a long back-arc extensional zone separated by lateral offsets (Figure 1 ). Farther west, the Northwest Lau Spreading Center (NWLSC) and Rochambeau Rifts (RR) form another major back-arc spreading system which terminates in the south against a long transform fault called the Peggy Ridge (PR). While the NWLSC and NELSC have a simple linear ridgecrest-type geometry, the Rochambeau Rifts consist of a complex series of rifts, pull-apart basins, and volcanic centers with no clear zone of spreading. At its southeastern end, the Peggy Ridge breaks into a series of short rift-segments known as the Lau Extensional Transform Zone (LETZ) [Martinez and Taylor, 2006] . The overall opening rate of the northern Lau Basin has been estimated to be 160 mm/yr [Pelletier et al., 1998 ], making it the fastest opening back-arc basin. The spreading rates for the RR, the NWLSC, and the NELSC have been estimated to be 110, 75, and 120 mm/yr, respectively [Bird, 2003] . Thus, the northeastern and northwestern Lau spreading centers each have approximately equal spreading rates of 100 mm/yr.
The NWLSC-RR extensional zone has attracted considerable attention due to the elevated 3 He/ 4 He signature of the erupted lavas in this region. While mid-ocean ridge basalts have fairly uniform
than the values typical of mid-ocean ridge (MOR) or back-arc basin basalts. More recently, Lupton et al. [2009] and Hahm et al. [2012] reported helium isotope ratios from the NWLSC and RR ranging from 11 to 28 R a , all clearly higher than typical depleted mantle or MOR-type values. These elevated helium isotope ratios are not confined to the Rochambeau Rifts, but extend southward along the NWLSC down to the Peggy Ridge . In addition to the elevated 3 He/ 4 He, Lupton et al. [2012] and Hahm et al. [2012] have detected a hotspot-type neon isotopic signature trapped in the NWLSC-RR basalts, distinct from the neon found in MOR basalts. Peto et al. [2013] measured the complete spectrum of noble gases on four samples from the Rochameau Rifts and found mantle plume-type neon, argon, and xenon isotopic signatures. These findings all point to the presence of a hotspot or ocean island basalt (OIB) component along the NWLSC-RR spreading center. It has been postulated that this is due to the intrusion of the Samoan hotspot component into the northern Lau Basin through a tear in the downgoing Pacific Plate [Natland, 1980 ; Turner and Hawkesworth, 1998; Lupton et al., 2009] . Certainly Samoa is a ''high-3 He'' hotspot, since helium isotope ratios from 12 up to 33.8 Ra have been reported for the Samoan Islands [Farley et al., 1992; Jackson et al., 2007] . In contrast to the NWLSC-RR extensional zone, the spreading centers of the NE Lau Basin (the NELSC and MTJ) have typical mid-ocean-ridge-type helium isotope ratios [Poreda and Craig,1992; Honda et al., 1993; Hilton et al.,1993; Lupton et al., 2009] . Thus, the elevated 3 He/ 4 He ratios appear to be confined to the NWLSC-RR system as shown in Figure 1 .
The map of helium isotope ratios indicates that the intrusion of a 3 He-rich OIB or hotspot type signature into the northern Lau Basin is confined to the Rochambeau Rifts and NWLSC, with all the samples east and south of Niuafou'ou having MORB-like 3 He/ 4 He ratios or lower ( Figure 1 ). However, it has been argued on the basis of trace element ratios and radiogenic isotope signatures that an OIB-type component, probably from Samoa, is present in other parts of the northern Lau Basin, but not necessarily everywhere. Regelous et al. [2008] used the fact that Nb/Zr ratios decrease systematically with distance from Savaii to argue that Samoan hotspot influence extends for 400 km into the northern Lau Basin down to the Fonualei Rift. Wendt et al. [1997] made a similar assertion based on a combination of Zr/Nb and Pb/Ce ratios in the northeast Lau Basin, and Pearce and Stern [2006] used Nb/Yb ratios to trace mantle flow into the northern Lau Basin.
The use of radiogenic isotopes to trace ingress of the Samoan plume [e.g., Tian et al., 2011] is complicated by the fact that Samoan lavas contain a mixture of mantle sources, including FOZO-A, EM1, EM2, HIMU, and depleted MORB mantle DMM [Jackson et al., 2014; Nebel and Arculus, 2015] . For example, Sr, Nd, and Pb isotopes in Niuafou'ou Island lavas appear to be derived in part from a component similar to Uo Mamae (Machias) Seamount lavas, somewhat distinct from the main Samoan Islands [Falloon et al., 2007; Regelous et al., 2008] . In general Lau Basin lavas plot, more or less along a mixing line between the CLSC and Samoa in the traditional Sr, Nd, and Pb isotope diagrams [Regelous et al., 2008] . Because samples from Niuafou'ou, Mangatolu Triple Junction (MTJ), and the NELSC fall intermediate between Samoa and the CLSC on radiogenic isotope plots, it has been argued that these sites all have a Samoan component, and that the boundary of influence of the Samoan hotspot should be moved to the east of MTJ and the NELSC (see Figure 1 ) [Regelous et al, 2008; Caulfield et al., 2012] . Samoan lavas range from FOZO-like eNd and eHf to significantly lower values: both eNd and eHf decrease systematically from north to south in Lau Basin lavas. Pearce et al. [2007] used eNd to trace the penetration of enriched mantle into the northern Lau, showing that northeast Lau has lower eNd than the CLSC and ELSC farther south. Hf is postulated to be less mobile than Nd and thus should be even better at tracing mantle flow. Caulfield et al. [2012] mapped eHf in the Lau Basin showing again that the MTJ and NELSC have lower values (eHf 5 12-13) compared to the Fonualei Rift and the CLSC (eHf 5 15-16) farther south.
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The trace element and radiogenic isotope data, taken as a whole, are persuasive evidence for at least a FOZO-type component, plausibly from Samoa, in the northeast Lau that is not confined to the Rochambeau and NWLSC farther west. This component could also be derived from other hot spot tracks that have previously traversed the area [Jackson et al., 2010] . However, the fact remains that the elevated helium isotope ratios that are a clear marker of hotspot influence are confined to the RR-NWLSC, with all of the 3 He/ 4 He ratios in lavas east of Niuafou'ou having MORB-like helium (R/Ra 8). It has been proposed that plume mantle flowing into the northern Lau Basin has been previously degassed or ''pre-conditioned'' by melting beneath the Samoan plume while still preserving its Nd-Hf signature, thus explaining the lack of a enriched helium signature [Pearce et al., 2007] . The discrepancy between the helium and trace/metal/radiogenic isotope data can then only be explained by a somewhat unlikely model in which two very different types of mantle intrusion into the northern Lau have occurred, with the mantle ingress into the northeastern Lau having suffered from degassing and volatile depletion, while the incursion into the RR-NWLSC has not.
Both the Fonualei Rift and the CLSC lavas are derived from strongly depleted mantle sources. The CLSC lavas plot at the most depleted end of the spectrum of global MORB with regard to light rare earth depletion [Jenner and O'Neill, 2012; Nebel et al., 2013] . Additions of enriched components, such as those from plume-derived or subducted slab-derived sources, would be expected to be detectable at low mass additions to either of the source regions of the CLSC and Fonualei Rift. Whereas the CLSC has no sign of a subduction zone component , the Fonualei Rift has a strong subduction overprint [Keller et al., 2008] . It therefore seems uncertain whether the lower eNd and eHf of the Fonualei Rift compared with the CLSC is the result of the subduction overprint rather than selectively degassed Samoan plume ingress. [2015] have recently combined new Hf-Nd measurements with previously published helium data , showing that samples from the RR-NWLSC can be explained as a mixture between DMM (similar to CLSC) and only a single FOZO Samoan component, with no evidence for the EM2, HIMU, and EM1 components that have distinctively lower eNd and eHf than found in the Lau Basin. There are some complications, however. While Samoan lavas have low Cu contents, found high Cu contents in the NWLSC, but not the Rochambeau Rifts. This suggests that the RR-NWLSC samples may be the result of three component mixing between DMM, a high-Cu mantle source beneath the NWLSC, and a low-Cu Samoan plume component.
Nebel and Arculus
The NE Lau Basin is perhaps the most complex part of the northern Lau Basin (Figures 1 and 2 ). It is bounded on the east by the Tofua Arc, and on the west by the NELSC, a typical back-arc system. The region between these is populated by a series of what we are refer to as ''rear-arc'' volcanic centers [Rubin et al., 2013] , including Niuatahi (formerly called Volcano O), the Mata volcano group, and areas of recent volcanism in between these ( Figure 2 ). These volcanoes provide a critical sampling opportunity westward from the volcanic front of the active Tongan Arc toward the NELSC and MTJ, and closest possible within the Lau Basin to the Samoan plume ingress. Recent submarine eruptions have occurred and volcanic products sampled at both West Mata volcano and along the southern NELSC Baker et al., 2011; Rubin et al., 2012] . Most of these volcanic centers are host to active hydrothermal systems [German et al., 2006; Kim et al., 2009; TN-234, 2009; RR1211, 2012 . Niua submarine volcano (so-named by Nautilus Minerals and formerly referred to as Volcano ''P'') falls on the northern extension of the Tofua Arc, and for this reason might be expected to have subduction zone or arc-type affinities. The NELSC, on the other hand, might be expected to have a typical back-arc or MOR signature. Although the arc versus back-arc provenance of the rear-arc volcanoes remains in question, these volcanoes have been proposed to have an arc-provenance because of their high apparent magma flux through the Holocene, the relatively magma-starved nature of the adjacent segment of the Tofua arc, and the arc magma trace element affinities of lavas erupted there [Rubin et al., 2013] . On the other hand, as the cartoon in Figure 3 shows, due to the mixing regime in the mantle, these rear-arc volcanoes might be expected to have a mixture of inputs from the arc proper and from the upper mantle or asthenosphere.
In this paper, we address the question of the provenance of the submarine volcanoes of the northern Lau Basin using helium isotopes in combination with C/ 3 He ratios, as well as Nb-Ba-Ti systematics of volcanic rocks. This paper expands upon the original work by Marty and Jambon [1987] . 
Sampling and Analytical Methods
A variety of samples were used in this study, including volcanic rocks, seafloor hydrothermal fluids, and samples of water-column hydrothermal plumes. Samples were collected on several seagoing expeditions: voyages SS11/2004 and SS07/2008 of the Australian Marine National Facility R/V Southern Surveyor [Arculus, 2004 [Arculus, , 2008 , expedition For the gas analysis of volcanic rocks, subsamples were selected in order to optimize the purity of the glass and to minimize the occurrence of phenocrysts. Small chips of volcanic glass from the chilled exterior margin of the samples ( 300 mg) were cleaned in distilled water and acetone, and then loaded into stainless steel ''crusher'' tubes. Blanks were run on each of the loaded tubes before proceeding with mass spectrometer analysis. Gases were released by crushing the samples to 100 microns size in vacuo, a process which releases the gases trapped in the vesicles. Condensable gases (mainly H 2 O and CO 2 ) were removed on a Utrap held at 2195 C. The ''non-condensible'' gases were first exposed to a hot Ti getter, followed by exposure to a charcoal finger at 2195 C. The remaining gases, mainly He and Ne, were then exposed to a low temperature trap at 38 K, which traps 98% of the Ne while leaving the He in the gas phase. The purified sample, consisting essentially of pure helium, was then admitted to the mass spectrometer for analysis. In the second phase of the analysis, the trap temperature was raised to 150 K, releasing the neon which was then admitted to the mass spectrometer for analysis. After completion of the mass spectrometer analysis, the temperature of the U-trap was raised to 278 C, thereby releasing the CO 2 fraction while retaining H 2 O. The CO 2 fraction was then transferred into a calibrated volume where the pressure was measured with a precision capacitance manometer. The CO 2 and helium were both released by crushing, and thus the resulting carbon/helium ratios reflect the gas composition contained in the vesicles.
Samples of hydrothermal vent fluids were collected using special titanium alloy gas-tight bottles having an internal volume of 150 cc. Each bottle was pumped to a high-vacuum prior to each submersible dive, and the sample was collected by first inserting the Ti bottle snout into the vent orifice and then opening the bottle valve by depressing the bottle trigger cylinder. After each dive, the samples were processed on a seagoing high vacuum line. The contents of the gas-tight bottle, consisting of a mixture of fluid and gas, were dropped into an evacuated flask containing sulfamic acid powder. A metal bellows pump was used to pump the released gases through a U-trap held at 260 C into a calibrated volume. The total gas content was determined by measuring the gas pressure at a known temperature with a precision capacitance manometer. Multiple splits of the dry extracted gases were then sealed into glass ampoules. For general gas analysis, pyrex ampoules were used, while samples for helium and rare gas analysis were sealed into ampoules constructed of aluminosilicate glass with low helium permeability. At the end of the extraction, the water frozen in the U-trap was melted and then combined with the water remaining in the extraction flask. The water was then weighed to determine the total sample weight and then saved in Nalgene bottles for subsequent analysis of Mg and other fluid properties. This method avoids any problems of phase Geochemistry, Geophysics, Geosystems
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separation within the gas-tight bottle since the entire sample of fluid and gas is treated as a whole. A detailed description of the extraction process including a diagram of the seagoing extraction line is given in Lupton et al. [2006] .
Water-column samples were collected with a standard CTD-bottle-rosette sampling system. Samples for helium analysis were drawn from the rosette bottles on deck and sealed into copper tubing using a special hydraulic crimping system [Young and Lupton, 1983] . All sample preparation and mass spectrometric analyses of rare gases were carried out at the Helium Isotope Laboratory, NOAA Pacific Marine Environmental Laboratory, Newport, Oregon. Helium and neon concentrations and helium isotope ratios were determined using a 21 cm radius, dual-collector, sector-type instrument specially designed for helium isotope analyses [see Lupton, 1990] . The measurements were standardized using marine air and also a precisely known geothermal standard (the MM gas from Yellowstone Park, 16.5 R a ) [Lupton and Evans, 2004] . For rock and vent fluid samples, the precision for the helium isotope determinations averaged about 0.5% (1 r Carbon dioxide concentrations were determined by a variety of methods depending on the type of sample. As described above, for rock samples CO 2 was determined manometrically with the assumption that >90% of the dry condensable gas is CO 2 . Thus our CO 2 concentrations for rock samples are uncertain to about 10%. For vent fluid samples, precision splits of the extracted gases in glass ampoules were sent to the University of Washington where CO 2, N 2 , O 2 , CH 4 , and H 2 were determined by gas chromatography. For watercolumn seawater samples, samples were drawn from CTD rosette bottles and Total CO 2 was determined by standard methods [DOE, 1994] . Changes in CO 2 were calculated by subtracting the regional background, which varies with depth.
In some of the discussion which follows, we have also plotted 3 He/ 4 He and C/ 3 He ratios for rock samples recently published by Hahm et al. [2012] as a useful comparison with our results ( Figure 1 ). As described above, we extracted helium and CO 2 by crushing a single sample which releases the gases in the vesicles. The helium was then measured by mass spectrometry and the CO 2 by manometry. Hahm et al. [2012] extracted the helium by crushing as we did but analyzed CO 2 by manometry on a separate split of the sample using a stepped heating technique in which 700-900 C and 1000-1200 C fractions were analyzed separately. These fractions were assumed to be derived from the vesicles and glass matrix, respectively, and these two CO 2 concentrations are reported separately in their data tables. In deriving C/ 3 He ratios from the Hahm et al.
[2012] data, we used the CO 2 concentration from their 700-900 C fraction and divided it by the corresponding 3 He concentration, assuming that this would give a consistent C/ 3 He ratio for the vesicle gas.
When data from the two laboratories are compared within a given geographic province, the data fields largely overlap. However, upon closer inspection, the Hahm et al.
[2012] C/ 3 He ratios appear to be higher (approximately a factor of 2) than our results on the average (see Figures 8 and 9 ). This may be due to the different analytical technique used by Hahm et al. [2012] , namely that they released helium by crushing and CO 2 by stepped heating on different splits of the sample.
Ba and Nb were analyzed by X-ray florescence spectroscopy of pressed powder whole rock pellets and Ti was measured on fused glass disks at the University of Hawaii using standard methods. The instrument was calibrated against rock standards with a range of Ba, Nb, and Ti abundances (e.g., BIR-1, BCR-1, AGV-1, BHVO-1) and checked against standards run as unknowns to have precision and accuracy of better than 10% for Ba and Nb, and 2.5% for Ti. [Marty and Zimmermann, 1999; Marty and Tolstikhin, 1998 ] and for MOR hydrothermal fluids from a variety of mid-ocean ridges. With a few exceptions, the basalt and vent fluid data agree and define a MOR field in which 3 He/ 4 He varies from 7.0 to 9.5 R a , and C/ 3 He varies from 2 3 10 8 up to 3 3 10 9 . For volcanic arcs, we first consider the values compiled by Hilton et al. [2002] for subaerial volcanic arcs. In this case, each data point represents an average for several volcanoes in each of various localities (see Table 1 ). With the exception of the Philippines, which have somewhat higher 3 He/ 4 He (average 7.34 R a ), most subaerial arc volcanoes fall between 4.4 and 6.1 R a and have C/ 3 He between 8 3 10 9 and 6 3 10 10 (Figure 4a ), [Hilton et al., 2002] . Thus subaerial arcs have much lower 3 He/ 4 He ratios and much higher C/ 3 He ratios compared to MORBs, defining a field distinct from the MOR field. For completeness, we also consider submarine arc volcanoes. For this we have plotted values for submarine hydrothermal fluids collected along the Mariana and Kermadec arcs (see Table 1 ). Surprisingly, the submarine arc volcanoes define a third field with 3 He/ 4 He varying from 6.5 to 8.2 R a and C/ 3 He from 8 3 10 9 to 8 3 10 10 . Thus while submarine arc volcanoes exhibit approximately the same elevated
He as the subaerial arcs, they have distinctly higher 3 He/ 4 He ratios. This difference may be due to the incorporation of U-and Th-rich continental-type crustal material into the melts along subaerial arcs which has had the effect of lowering the 3 He/ 4 He ratio. Another factor is that continental arcs are subaerial and more evolved and thus more likely to have been affected by degassing.
The higher C/ 3 He in both subaerial and submarine arcs compared to mid-ocean ridges is attributed to the addition of carbon in arc melts, likely from marine carbonates and organic materials that are subducted with the downgoing slab and incorporated into the melt at depth [Hilton et al., 2002] . Additional evidence for the presence of marine carbonates in volcanic arcs has come from measurements of carbon isotopes. Although we have not measured d 13 C as part of the present study, other studies have found d
13
C in CO 2 in arc volcanoes ranging from 25 to 11& [Sano and Williams, 1996; van Soest et al., 1998 , similar to marine carbonates (0&) [Hoefs, 1980] , and heavier than mid-ocean ridges (213 to 24&) [Kelley et al., 2004] . The lower 3 He/ 4 He along arcs is attributed to the fact that magma genesis in subduction zones involves melting of the degassed downgoing slab (perhaps R/R a 5 1) which is mixed with fresh mantle material, resulting in 3 He/ 4 He ratios lower than DMM [Poreda and Craig, 1989] .
Finally, we examine the He ratios compared to the other mantle reservoirs, and exhibit a large variation in C/ 3 He that overlaps both the MORB and arc fields.
An important consideration is possible fractionation of carbon versus helium, which can affect C/ 3 He ratios for both rocks and fluids. While helium isotope ratios are fairly immune to fractionation effects, CO 2 and He measurements, but stated that all the values fell within the normal MORB range of 8 6 1 Ra. c These samples were all collected and analyzed in the same manner as the other samples discussed in this paper. Samples were collected with Ti gas tight bottles. Helium was analyzed by mass spectrometry at NOAA/PMEL in Newport, OR. CO 2 was analyzed by gas chromatography at U. of Washington. In the case of helium and CO 2 in hydrothermal vent fluids, these fluids contain a finite proportion of dissolved atmospheric gases, including He, Ne, and Ar. Assuming that virtually all of the Ne in the vent fluids is [Craig et al., 1978a] . We applied the same correction to our results for rock samples using the He/Ne ratio. We have also eliminated vent fluid samples that have (He/ Ne)/(He/Ne) air 20, since that implies that 5% or more of the helium is atmospheric in origin.
Geochemistry, Geophysics, Geosystems
In summary, while fractionation effects contribute to variations in C/ 3 He ratios, we have attempted to minimize these effects by filtering out samples that have clearly suffered gas loss. Although considerable variations in C/ 3 He ratios remain, the empirical approach we have adopted defines clear signatures for MORBs, submarine arcs, subaerial arcs, and hotspots by plotting 3 He/ 4 He versus C/ 3 He.
Water-Column Plumes
Gases trapped in seafloor volcanic rocks and dissolved in hydrothermal vent fluids usually provide the best estimates of the magmatic 3 He/ 4 He and C/ 3 He signature in a given locality. However, in cases where direct seafloor samples are not available, it is still possible to estimate 3 He/ 4 He and C/ 3 He if an active hydrothermal system is generating strong water-column plumes. We have done this for plumes over East Mata, West Mata, Niua, Niuatahi, and Mata Ua. As an example, Figure 6 shows how a suite of CTD rosette samples Table 2 ). He associated with the basic mantle reservoirs, i.e., MORs, volcanic arcs, and hotspots, we now use this categorization to evaluate the sources of magmatic gases in the NE Lau Basin. As shown in Figure 2 , the NE Lau Basin is complex in terms of its tectonics and volcanism. Although not currently volcanically active, the large volcanic edifice of Niua in the eastern part Table 2 .
Helium
Geochemistry, Geophysics, Geosystems He, since it falls on the structural northern extension of the Tofua Arc. Somewhat to the west, the NELSC, a backarc spreading center, might be expected to have MOR or enriched MORB affinities (e.g., based on rock compositions erupted there; Falloon et al., [2007] ). At the southern end of the NELSC is Maka, an axial high volcanic edifice that rises above the average depth of the southern NELSC. In the almost 80 km between Niua and the NELSC, this easternmost part of the Lau basin is populated with several individual volcanic centers of unknown provenance (arc versus backarc), including Niuatahi (the large caldera formerly called Volcano O), West Mata, East Mata, and the so-called seven northern Matas (Taha, Ua, Tolu, Fa, Nima, Ono, and Fitu) Rubin et al., 2013] . He for rock samples from the NW Lau Spreading Center (NWLSC), the Rochambeau Rifts, and the Peggy Ridge. All results are for volcanic rocks. Results published by Hahm et al. [2012] are shown as red-filled symbols. Shaded ellipses indicate fields for mid-ocean ridges, arc volcanoes, and hotspots. Sample locations shown in Figure 1 , and results are listed in Table 2 .
Geochemistry, Geophysics, Geosystems He ratios that fall in a narrow range between 7.1 and 7.4 R a , at the lower end of the MORB field. There is a rather large discrepancy in the C/ 3 He ratios for the 2 vent fluids collected on Niua South (C/ 3 He 5 1.3 and 8.9 3 10 10 ) (see Table 2 ). These samples were collected on separate dives and at separate locations on the volcano. The Niua South sample with the higher C/ 3
He was collected from a black smoker at 1150 m depth venting 315 C fluid, which is close to the boiling point at that depth, while the other Niua South sample was from a lower temperature vent. This suggests that phase separation may have played a role in producing the discrepancy in the Niua South C/ 3 He ratios.
Northwest Lau Back-Arc Basin and Peggy Ridge
As mentioned in the Introduction, the Northwest Lau Backarc system is unique in that the volcanic rocks in this region have apparently been affected by the introduction of a distinct ocean island (OIB) or hotspot component, as evidence by the elevated 3 He/ 4 He ratios and the presence of mantle-type neon isotopes in Figure 1 , and results are listed in Table 2 .
Geochemistry, Geophysics, Geosystems 10.1002/2014GC005625 the erupted basalts [Poreda and Craig, 1992; Lupton et al., 2009 Lupton et al., , 2012 Hahm et al., 2012] . One possibility is that mantle material from the Samoan hotspot has intruded into the northern Lau Basin through a tear in the downgoing slab and has been incorporated into the seafloor volcanic rocks erupted along this backarc spreading system [Natland, 1980; Turner and Hawkesworth, 1998; Lupton et al., 2009] . These results are all from the analysis of seafloor basalts, and they include samples published by Hahm et al. [2012] in addition to our measurements. Two basalt samples from the Peggy Ridge reported by Hahm et al. [2012] are also shown (see Figure 1 for location). As mentioned in section 2, the Hahm et al. Table 3 . Literature data are shown by fields: orange is Niuatahi [Park et al., 2015] ; light green is the Tofua arc [Caulfield et al., 2012; Keller et al., 2008] ; gray-blue is Fonualei spreading center [Keller et al., 2008; Escrig et al., 2012] ; light blue is the Mangatolu Triple Junction (MTJ) [Keller et al., 2008; Tian et al., 2011] ; and pink is various NW Lau spreading centers and islands, NWLSC, Rochambeau Rifts, Peggy Ridge, and Niuafo'ou Is.) [Tian et al., 2011] . Shaded fields in some plots are for global MORB [Rubin and Sinton, 2007; Jenner and O'Neill, 2012; Gale et al., 2013] (Figure 10c is optimized to view the new data and Figure 10d is optimized for the regional data). Lavender outline field in Figure 10d is Eastern Lau Spreading Center and Valu Fa ridge data [Escrig et al., 2009] . Note location of most Mata data between the three gray fields in Figure 10c and the locus of all new data in Figure 10d (lower left corner) at very high Nb compared to regional arc and back-arc data elsewhere in the basin.
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now on Ba-Nb-Ti chemistry because, much like the C-He systematics, they are sensitive indicators of the tectonic settings and magma sources that are relevant to this study.
As detailed in Pearce and Stern [2006] , variations of moderately incompatible elements (e.g., Ti, Y, Yb) as well as more incompatible high field strength (HFS) elements (Nb, Ta, Hf) in suprasubduction zone lavas primarily track variations in the mantle source that are unrelated to subduction zone inputs. Thus they are ideal for investigating variations in depleted (e.g., MORB-like) and enriched (e.g., plume-sourced) components in the mantle wedge that are reflected in magmas produced from it. Ba, on the other hand, is a fluid mobile incompatible lithophile element that is arguably the most sensitive indicator of subduction fluid addition to the mantle wedge [Pearce and Stern, 2006] . Very high Ba/Nb is characteristic of subduction fluid inputs to arc and back arc volcanoes at low Nb abundance [e.g., Pearce and Stern, 2006] and significantly lower but similar Ba/Nb occurs in MORB [e.g., Rubin and Sinton, 2007; Jenner and O'Neill, 2012; Gale et al., 2013] and ocean island basalts, OIB (e.g., Samoa) [Jackson et al., 2014] . MORB and OIB are distinguished by low and high Nb abundances, respectively.
Nb and Ti variations in Lau basin lavas (Figure 10a) show the complexity of mantle compositions there: the Mata volcanoes form two discrete trends, from low Nb and Ti compositions common in many subductions zones to (a) high Nb/low Ti values like those found at Niua (the northernmost Tofua arc volcano) and to (b) high Nb and higher Ti, values like those found on the NELSC. NELSC lavas also have Ba-Nb characteristics that are indistinguishable from Samoa (see Figure 10c ). West Mata sits at the low Nb-Ti intersection of these two trends but with significant internal variability. These two trends, plus a third, shallower trend for regional literature data elsewhere in the basin and on the arc that have more variable Ti and relatively less variable Nb, collectively indicate that there are multiple sources and conditions of enrichment and depletion in the basin that affect trace element abundances in the lavas, as has been discussed by multiple authors [e.g., Hergt and Hawkesworth, 1994; Hawkins, 1995; Falloon et al., 2007; Escrig et al., 2009 Escrig et al., , 2012 Tian et al., 2011; Caulfield, et al., 2012; Nebel and Arculus, 2015] .
Subduction zone fluxes now and in the past have superimposed compositional variations on the aforementioned mantle wedge composition. Pearce and Stern [2006] use a plot of Ba/Yb versus Nb/Yb to distinguish the relative proportion of subducted Ba to mantle Ba in the mantle source, using the fact that most MORB and hotspot lavas form an array of Ba/Yb and Ba/Yb values that reflect limited Ba/Nb variations even at wide variations in Ba, Nb, and Yb concentrations. Lavas at subduction zones (e.g., right on the arc) form a parallel array at higher Ba/Nb. Many backarc lavas sit between the two arrays, reflecting the relative amount of subduction input to the Ba budget of the source [Pearce and Stern, 2006] . Figure 10b is an analogous diagram using Ti as a proxy for Yb (we do not have Yb data). Y can also be used as a Yb proxy and the resulting plot is similar (not shown), but Y data are not available for some of the literature sources, so we have used Ti instead. The one additional consideration for using Ti in this manner is to evaluate if oxide mineral fractionation has affected Ti abundances (e.g., in very differentiated magmas). This process does not affect Ti in the samples discussed here, as indicated by positive relationships of Ti vs. Si, and Ti vs. Fe (not shown), both of which instead indicate that Ti is incompatible, just like Yb and Y. Fields for arcs, MORB, the nearby Samoan hotspot, and various geographic domains of the Lau Basin and Tofua arc from the literature are also shown (see figure caption for data sources). Niua and Niuatahi sit in the arc field (as does Tofua data from the literature), consistent with their location on or very near the arc as well as with their C-He systematics (Figure 7 ). The NELSC sits on the extension of the MORB-OIB array. Data for the Mata volcanoes span the entire range between arcs and the MORB-OIB array and overlap with the bottom of the arc array. The substantial range within the volcanoes on Figures 10a and 10b , even within a single volcano, (West Mata, shown as green squares, which is best-sampled of the Matas and second closest to the arc), indicates that the subduction input to their mantle sources is variably expressed because it overprints a variably enriched/depleted mantle wedge. The offset of the Mata volcanoes and even of Niuatahi to higher Nb/Ti than other nearby parts of the Lau basin (e.g., the Fonualei Spreading Center, Spreading Centers in the NW Lau Basin, and the Mangatolu Triple Junction) indicate that the NE Lau basin is significantly more enriched in HFS elements in the mantle source, despite having very low Ti (which usually indicates very depleted sources). The complexity of the source chemistry is beyond the scope of this discussion, but illustrates the potential difficulties of using traditional subduction input tracers like Ba/Nb [Pearce and Stern, 2006] to deduce subduction inputs, and illustrates the utility of applying C-He systematics to the problem, which tends to see through some of this source complexity.
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